Butterworth, Michael B., Sandy I. Helman, and Willem J. Els. cAMP-sensitive endocytic trafficking in A6 epithelia. Am J Physiol Cell Physiol 280: C752-C762, 2001.-Blocker-induced noise analysis and laser scanning confocal microscopy were used to test the idea that cAMPmediated vesicle exocytosis/endocytosis may be a mechanism for regulation of functional epithelial Na ϩ channels (ENaCs) at apical membranes of A6 epithelia. After forskolin stimulation of Na ϩ transport and labeling apical membranes with the fluorescent dye N-(3-triethylammoniumpropyl)4-(6-4 diethylaminophenyl) hexatrienyl pyridinium dibromide (FM 4-64), ENaC densities (N T ) decreased exponentially (time constant ϳ20 min) from mean values of 320 to 98 channels/ cell within 55 min during washout of forskolin. Two populations of apical membrane-labeled vesicles appeared in the cytosol within 55 min, reaching mean values near 18 vesicles/ cell, compared with five vesicles per cell in control, unstimulated tissues. The majority of cAMP-dependent endocytosed vesicles remained within a few micrometers of the apical membranes for the duration of the experiments. A minority of vesicles migrated to Ͼ5 m below the apical membrane. Because steady states require identical rates of endocytosis and exocytosis, and because forskolin increased endocytic rates by fivefold or more, cAMP/protein kinase A acts kinetically not only to increase rates of cycling of vesicles at the apical membranes, but also principally to increase exocytic rates. These observations are consistent with and support, but do not prove, that vesicle trafficking is a mechanism for cAMP-mediated regulation of apical membrane channel densities in A6 epithelia.
epithelial sodium channel; noise analysis; confocal microscopy; channel trafficking; vesicles; forskolin; kidney; cortical collecting ducts; endocytosis THE TRANSPORT OF SODIUM through amiloride-sensitive epithelial Na ϩ channels (ENaCs) is a major determinant of electrolyte and fluid homeostasis in mammals and other vertebrates. When expressed in native epithelia, absorption of Na ϩ at the apical membranes of the cells is determined not only by the electrochemical potential differences driving Na ϩ into the cells but also by the density of ENaCs that are in their functionally open state. Consequently, dysfunction of one or more of the Na ϩ channel subunits in apical membranes of several ion-transporting epithelia leads to pathological conditions characterized by impaired salt and water balance, such as hypertension (21) . Consistent with its central role in Na ϩ absorption, it would not be surprising to find that ENaC activity is controlled by multiple regulatory factors. Generally, control of transport through ENaCs may be achieved by two independent and not mutually exclusive mechanisms, namely, by altering the gating kinetics or open probability of the channels and/or by altering the number of active or functional channels in the apical plasma membranes of the epithelial cells. Among kinases, protein kinase A (PKA) is known to play a major role in regulation of Na ϩ transport in a variety of tight epithelia and is thought to stimulate transport by increasing the total number or density of functional channels at the apical surfaces of the cells (7, 11, 17, 18, 25, 27) . However, the various steps whereby ENaC densities are regulated by PKA are unknown, and elucidation of the steps and mechanisms remains a long-standing problem (10) .
The density of several plasma membrane transporters is determined by mechanisms that control membrane trafficking of the transporters and/or their components to apical membranes [see review by Bradbury and Bridges (3)]. It is well appreciated that PKA modulates the water permeability of several epithelia through mechanisms that regulate the intracellular trafficking of water channels (4, 23) . Evidence from earlier experiments supported the idea that arginine vasopressin stimulates Na ϩ transport by promoting the recruitment of Na ϩ channels to epithelial apical membranes (13) . This thesis has received further but indirect support from several other sources using different approaches (11, 12, 22, 27, 34) . Hence, although direct unequivocal evidence is not available to support this thesis, it is generally believed that ENaC densities may be regulated by mechanisms that control the rate of recruitment of channels and/or its subunits to the apical membrane and their endocytic retrieval. Although the mechanisms involved in epithelial cells and Xenopus oocytes may not be the same, it has been demonstrated that specific ENaC subunits expressed in oocytes contain sequences that allow them to be retrieved from the plasma membrane by endocytosis. Thus modification of the subunits by cytoplasmic pro-teins or other factors could serve as a signal that would lead to their endocytic retrieval and provide a means of regulating ENaC density in oocytes (6, 14, 30) and Madin-Darby canine kidney tissues (31) .
To determine whether in A6 epithelia there is a cAMP-dependent apical membrane turnover mechanism that could be utilized for trafficking of ENaCs and/or its subunits, we imaged in live cells the endocytic cAMP-dependent process with scanning laser confocal microscopy. The rate of appearance of endocytic vesicles derived specifically from apical plasma membranes was correlated with results from blocker-induced noise analysis performed in parallel to measure the time courses of change of the rates of Na ϩ transport, functional ENaC densities, single channel currents, and channel open probabilities. These experiments were done during washout periods in tissues that were pretreated with forskolin to stimulate transport and ENaC densities. Collectively, the results are consistent with and support the idea that cAMP/PKA increases exocytosis, thereby providing a possible mechanism for regulation of the density of apical membrane ENaCs and hence Na ϩ transport in A6 epithelia.
MATERIALS AND METHODS
Tissues and materials. The A6 cell line is a well-established model of a high-resistance, Na ϩ -transporting epithelium. 1 All experiments were performed on cultured A6 cells between passages 90 and 115. Cell cultures were grown to confluence on Nunc culture flasks in a humidified incubator at 28°C and gassed with 2.5% CO 2 . The culture medium was a modified DMEM (Highveld Biologicals, Johannesburg, South Africa), supplemented with 1% penicillin, 0.6% streptomycin, and 10% fetal calf serum (FCS; Highveld Biologicals). The medium was also supplemented with 10 ml/l of a 3% stock solution of L-glutamine. From these, cells were subcultured onto 30-mm permeable Millicell HA tissue culture inserts (0.45-m pore size; Millipore, Bedford, MA) in culture medium. After ϳ10-21 days, the monolayers were confluent, and cells characteristically exhibited transcellular resistances of ϳ2 k⍀ ⅐ cm 2 or higher and transepithelial voltages Ͼ20 mV. Cells from the same batch of tissues and with similar electrical properties were used for the noise and for the confocal experiments.
Electrical measurements. Confluent monolayers of A6 cells were carefully punched out of the insert cups and mounted in perfusion chambers designed for noise analysis. The tissues were constantly perfused with growth medium minus the FCS and antibiotics.
The pulse protocol method of blocker-induced noise analysis allowed us to determine single channel currents (i Na ), channel open probabilities (P o ), and functional channel densities (N T ) during steady state and transient periods of Na ϩ transport. The theory and protocols of this method have previously been described in detail (19) . The method depends on measurements of the current noise power density spectra and the fractional inhibitions of the macroscopic amiloridesensitive short-circuit currents (I sc ) at two concentrations of the weak Na ϩ channel blocker, 6-chloro-3,5-diaminopyrazine-2-carboxamide (CDPC; Aldrich Chemical, Milwaukee, WI) (B 10 ϭ 10 and B 30 ϭ 30 M CDPC). The following is a brief outline of the method. Tissues were short circuited continuously with a low-noise voltage clamp, and the resultant I sc was allowed to stabilize for 1-2 h before 10 M CDPC was introduced into the apical perfusing medium for the duration of the experiment. CDPC (10 M) caused a rapid small inhibition of I sc that was allowed to recover by autoregulatory mechanisms to baseline values of I sc within 30 min. At intervals of 10 min during the control and subsequent experimental periods, the apical solution was switched ("pulsed") to an identical solution that contained 30 M CDPC. At the end of each experiment, 100 M amiloride was added to the apical solution to measure the amiloride-insensitive I sc .
Current noise power density spectra were determined at 10 and 30 M CDPC at each time point. Corner frequencies (f c ) and low-frequency plateaus (S o ) of the Lorentzians were determined by nonlinear curve fitting of the spectra. Blocker on and off rates (k ob and k bo , respectively) were determined from the slopes and intercepts of rate concentration plots (2f c ϭ k ob B ϩ k bo ), and the blocker equilibrium coefficient, Confocal fluorescence microscopy. To visualize the intracellular movement of apical membrane vesicles, we performed real-time confocal imaging of apical membranes in monolayers of A6 cells. To follow endocytic events, cell membranes were stained with the fluorescent marker N-(3-triethylammoniumpropyl)-4-(6-4 diethylaminophenyl) hexatrienyl pyridinium dibromide (FM 4-64; Molecular Probes, Leiden, Netherlands). This very specific lipophyllic styryl dye is widely 1 In their hormone-unstimulated state, it is our understanding from our own experiments and those of others that A6 epithelia transport Na ϩ exclusively through their apical membranes regardless of the substrates, growth medium, serum, and other conditions of growth and regardless of their spontaneous rates of Na ϩ transport. Unlike classically studied toad urinary bladder and cortical collecting ducts where cAMP causes large increases of water permeability (15, 16, 29) , the water permeability of A6 epithelia is insensitive to antidiuretic hormone (cAMP), indicating that in A6 epithelia, the apical membranes of the cells do not express water channels (8) . Unlike toad urinary bladder and isolated preparations of frog skin (Rana pipiens) where cAMP does not change Cl Ϫ transport, cAMP increases Cl Ϫ transport in addition to Na ϩ transport in A6 epithelia (5, 36) by expression/activation of Cl Ϫ channels within the apical membranes of the cells (24, 26, 28) . In this regard, it was of special interest during the course of the studies reported here to observe that the A6 epithelia grown under the conditions stated in MATERIALS AND METHODS did not respond to forskolin with an increase of Cl Ϫ transport. Noticeably absent in the I sc responses to forskolin were the immediate (Ͻ1 min) and unmistakable maximal increases of current that are characteristic of cAMP activation of Cl Ϫ current (Ref. 5 and S. I. Helman and T. Pȃ unescu, personal communication) that precede the relatively slow secondary time course of activation of Na ϩ current. Consequently, although we do not know the factor(s) that govern expression of Cl Ϫ channels and the sensitivity or absence of sensitivity to cAMP, it was advantageous for the purpose of the present experiments to know insofar as presently possible that ion transport at the apical membranes was due principally, if not solely, to the transport of Na http://ajpcell.physiology.org/ used to visualize the movement of cell membranes in a number of experimental models (1). This dye is known to fluoresce weakly in aqueous solutions but strongly when bound to plasma membranes, cannot be readily washed out of the apical membranes of A6 epithelia (see RESULTS) , is membrane impermeable, and does not migrate or exchange between intracellular compartments (1) .
To visualize the endocytic retrieval of apical membranes during a period of forskolin washout, tissues on culture inserts were studied in their control state or were prestimulated with 2.5 M forskolin added to the basolateral solution in DMEM for 35 min, as in the electrophysiological experiments, before membrane labeling. Apical membrane labeling was done in cold media to inhibit membrane trafficking and to inhibit the spread of the label down the basolateral plasma membranes. The tissues were chilled by briefly washing in cold (4°C) DMEM before being transferred to a cold medium that contained 16 M of FM 4-64 prepared in DMEM (4 mM stock solution in DMSO) and kept on ice for 30 min. After labeling, the tissues were transferred to DMEM at room temperature, washed, removed from the inserts, and placed in DMEM in an inverted position on a glass coverslip (31-mm-diameter, 0.15-mm-thick; Bio Physical Technologies, Baltimore, MD) in a specially designed chamber for viewing on the confocal microscope. This usually took between 2 and 5 min. The chamber was not perfused but was sealed at the bottom with a silicone O-ring to prevent leakage or membrane movement while imaging. Control tissues were kept in DMEM equilibrated with room air without any forskolin for 35 min before being labeled exactly the same way as the experimental tissues.
Confocal images were obtained using a Zeiss LSM 410 inverted single laser confocal imaging system equipped with a Zeiss ϫ63 Planachromat oil objective [numerical aperture (NA) 1.4] and a ϫ100 Plan Nuofluar objective (NA 1.3) used for viewing. Fluorescence was excited by illuminating the cells with a krypton-argon laser using the 568-nm line that was close to the optimal absorption wavelength of 559 nm for FM 4-64. Optimum images of each optical section were obtained using scan times varying between 8 and 64 s. Individual lines were averaged (2-4 times). Preliminary experiments demonstrated that under these conditions, tissue autofluorescence was undetectable, photobleaching was minimal, and we could effectively image cells for extended periods (typically up to 1 h).
Optical x-y sectioning was done at z-increments of 1 m, and the Zeiss LSM 410 software permitted color coding of the depth of the vesicles below the apical surfaces of the cells (see Fig. 6 ). The depth of the vesicles below the apical surfaces was also viewed in the x-z plane of the cells.
Statistical analysis. All data are expressed as means Ϯ SE. Statistical analyses were performed in the usual way using paired t-tests when appropriate. P Ͻ 0.05 was considered significant.
RESULTS
A representative strip-chart recording is shown in Fig. 1 to illustrate typical responses of the I sc to addition of and subsequent washout of 2.5 M forskolin from the basolateral solution. After a control period during which the tissues were pulsed with CDPC at intervals of 10 min, forskolin caused, after a short delay of a few minutes, maximal increases of I sc within ϳ30-40 min from time 0 control values that averaged 4.83 Ϯ 0.60 A/cm 2 . A summary of the blocker-sensitive I Na at the various time points of noise analysis shown in Fig. 2A indicated that the mean increase of I Na , expressed as experimental/control values, averaged 1.72 Ϯ 0.12 at 35 min. The effect of forskolin on the I Na was completely reversible. After washout of forskolin from the basolateral solution, the I Na decreased from 7.96 Ϯ 0.74 A/cm 2 at 35 min toward control values within ϳ60 min (Figs. 1 and 2A) . At 95 min (55 min after forskolin was removed from the solution), I Na averaged 5.46 Ϯ 0.74 A/cm 2 , a value only slightly higher than the original mean baseline control value. Noise analysis was carried out during both washin and washout of forskolin at the time points indicated in these figures. The experiments were terminated after addition of 100 M amiloride to the apical solution that yielded the amiloride-insensitive current that averaged 0.28 Ϯ 0.24 A/cm 2 . Forskolin-sensitive changes in functional ENaC densities. Blocker-induced noise analysis revealed that forskolin stimulated Na ϩ entry into the cells, and the subsequent decrease of transport during washout of forskolin was due to reversible time-dependent changes of the functional channels within the apical membranes of the cells. From mean control values of 84.4 Ϯ 12.4 channels/100 m 2 , N T was increased by forskolin to 285 Ϯ 43.6 channels/100 m 2 within 35 min, or, as indicated in Fig. 2D, 3 .50 Ϯ 0.37-fold above control values. Within 55 min after washout of forskolin, N T decreased to near control values or to 98.3 Ϯ 23.0 channels/100 m 2 , with a quasi-exponential decline of N T with a time constant of ϳ20.5 min (see Fig. 7 ).
The time-dependent changes of N T were accompanied by reversible changes of both single channel cur- Fig. 1 . A typical strip-chart recording of the time-dependent changes of the short-circuit current (I sc ) caused after addition of 2.5 M forskolin to the basolateral solution and during its subsequent washout. 6-Chloro-3,5-diaminopyrazine-2-carboxamide (CDPC; 10 M) was present in the apical solution except for the pulse intervals (normally 10 min), when the CDPC concentration was increased to 30 M. I sc was 1.97 A/cm 2 at the end of the control period and was increased by forskolin to 4.71 A/cm 2 within 35 min. Eighty minutes after forskolin washout, the I sc returned to near the time 0 control value, at which time 100 M amiloride was used to inhibit blockersensitive Na ϩ transport. The amiloride-insensitive Na ϩ current was 0.20 A/cm 2 .
rents and channel open probabilities (Fig. 2) . Control i Na and P o measured just before treatment of the tissues with forskolin averaged 0.28 Ϯ 0.04 pA and 0.26 Ϯ 0.02, respectively. Within 5 min of forskolin treatment of the tissues, both i Na and P o were significantly decreased below control values (Fig. 2 , B and C). At 35 min, i Na and P o decreased to 81.5 Ϯ 2.4% and 61.5 Ϯ 2.6% of their respective control values. After forskolin washout, i Na and P o returned to control (P o ) or to slightly above control values (i Na ). Accordingly, despite relatively small changes of both i Na and P o compared with those of N T , stimulation of Na ϩ transport by forskolin and the subsequent return of transport to control values after washout of forskolin were due to time-dependent changes of N T that were considerably larger in magnitude that those of i Na and P o .
Forskolin caused no significant change of the blocker interactions with the Na ϩ channels. The mean control values of the rate coefficients were k ob ϭ 8.56 Ϯ 0.59 radians/(s ⅐ M), k bo ϭ 281.6 Ϯ 20.0 radians/s, and K B averaged 34.1 Ϯ 3.0 M. These values remained essentially unchanged during stimulation and washout of forskolin as in previous studies of frog skin (11), indicating that channels recruited by forskolin possessed similar CDPC blocker kinetics as those present in the apical plasma membranes of A6 cells during the control period.
Internalization of apical membranes after withdrawal of forskolin. Previous studies with scanning electron microscopy demonstrated that the apical surfaces of A6 cells are not flat but dome shaped and that the cells are of unequal height (range of 8.0-17.6 m) for tissues grown under the same conditions of the present experiments (9) . Accordingly, with a nonuniform topography of adjacent cells of uneven heights, and nonuniform locations of tight junctions and lateral intercellular spaces, planar optical sectioning of groups of cells was defined to begin at the first level of appearance of fluorescence at the apical membrane surface of the tallest cell in the section (Fig. 3 ). Although it is not possible to rule out absolutely that FM 4-64 labeling of apical membranes had not progressed beyond the tight junctions, optical sectioning indicated clearly that this dye labeled the apical membranes of the cells and that the dye was irreversibly bound to the apical membranes for the duration of the experiments. Kinetics of trafficking. We wished to determine whether the internalization of apical membrane corresponded to the time-dependent decreases of N T determined in the noise experiments during forskolin washout. To obtain an insight into the kinetics of membrane trafficking, three-dimensional imaging was performed on optical sections taken at 5 min and then at 10-min intervals throughout the period of disappearance of channels from the apical membranes. This allowed us to observe all the vesicles originating from the apical membranes within the cells. The gallery of images presented in Fig. 5 illustrates the internalization of apical membranes over a period of 55 min after removal of forskolin. A significant increase in the appearance of vesicles was already apparent in the images obtained at ϳ5 min after commencing forskolin washout. Thereafter, there was a progressive increase in vesicle appearance throughout the 50-to 60-min experimental periods, but where the rate of appearance of vesicles decreased with time. In two experiments carried out for longer times, large numbers of vesicles were apparent even after 120 min, but at these times, photobleaching became a limiting factor in data acquisition. In the control cells, there were far fewer vesicles at every time point (see Fig. 6 ) in the vicinity of the apical membranes of the cells.
To determine the intracellular location of labeled vesicles, a depth analysis was performed as indicated in Fig. 6 (control and forskolin washout) . The location of the vesicles was color coded depending on the relative z-position of the signal in the reconstructed threedimensional stack. It was clear that shortly after forskolin washout (10 min), the majority of vesicles were located within 1-2 m of the apical membranes (Fig. 6,  c and g ). Even after 60 min of forskolin withdrawal, the bulk of the vesicles remained within a few micrometers of the apical surface. However, a significant proportion of vesicles progressively distributed deeper into the cells during the forskolin washout period. Hence, after 55 min, some vesicles were visible at depths Ͼ5 m beneath the first optical section and in an area near the nucleus, suggesting the existence of two populations of vesicles; those that remain in the vicinity of the apical membranes and those that migrate deeper into the cells. The latter population of vesicles appeared to migrate to deeper depths in both control tissues and those pretreated with forskolin, suggesting that endocytosis of these vesicles occurred in the absence of cAMP-dependent changes of Na ϩ transport. Thus vesicles that remain in the vicinity of the apical membranes may likely be those involved in cAMP-mediated trafficking of channels between the cytosol and the apical membranes of the cells. Fig. 3 . A schematic two-dimensional cross section of epithelial cells grown on a permeable substrate illustrates nonuniform topography of adjacent cells of uneven heights and nonuniform locations of tight junctions (TJ) and lateral intercellular spaces (LIS). Sections were imaged at z-increments of 1 m beginning at 0 m, defined at the apical surface of the tallest cell. It should be noted that differences in cell heights need to be factored into assessments of the distance of vesicles below the apical surfaces of the cells in sections that contain many cells. To obtain a quantitative appreciation of the rates of appearance of vesicles in control and forskolin-pretreated tissues, the average number of vesicles per cell or vesicle density at each time point was plotted for individual experiments as indicated in Fig. 7B and summarized as indicated in Fig. 7C . In control tissues, the baseline vesicle density increased essentially linearly with time and averaged 4.8 Ϯ 0.7 vesicles at 55 min with corresponding endocytic rates (vesicle density per minute) of 0.086 Ϯ 0.010 vesicles per cell per minute. In the forskolin-pretreated tissues, the initial rates were far greater than in control tissues, as indicated in Fig. 7 , B and C. With increasing time of forskolin washout, the endocytic rates appeared to decline approaching those of the baseline endocytic rates. Minimum endocytic rates of the forskolin-pretreated tissues estimated from the data at 15 min (assuming linear initial rates) averaged 0.45 Ϯ 0.06 and from the data at 5 min averaged 0.69 Ϯ 0.06. Recognizing that the actual endocytic rates would be somewhat higher if earlier time points could be acquired, we estimate as a first approximation that forskolin increased the endocytic rates by at least fivefold above the baseline rates of endocytosis. Because at the steady state, rates of endocytosis and exocytosis must be the same, exocytosis must be similarly increased rather markedly by forskolin.
It is imperative to recognize for both control and forskolin-treated tissues at steady states that the rates of endocytosis and exocytosis must be the same so that the exocytic rates can be determined from measurements of the endocytic rates. In this regard, the minimum increases of endocytic and exocytic rates estimated as indicated above clearly indicate at the forskolin steady state that cAMP/PKA causes a steadystate increase in the rates of gain and loss or cycling of vesicles at the apical membranes of the cells. This observation is consistent with the fact that enzymes can only increase the rates of reactions. With an elevated dynamic balance of endocytosis and exocytosis, it would be clear that cAMP/PKA does not act alone by inhibiting endocytosis. Thus of the many possible steps linking the pool(s) of cytosolic vesicles with the apical membranes of the cells, it remains to be determined which steps in the exocytic process are rate limiting and which steps are enhanced by cAMP/PKA, leading to increased rates of exocytosis.
DISCUSSION
cAMP is unquestionably a major short-term regulator of apical membrane Na ϩ transport in tight epithelia, including cell-cultured A6 epithelia. Forskolin stimulation of adenylate cyclase results under the conditions of the present experiments to near maximal and stable increases of Na ϩ entry into the cells within ϳ40 min due to increases of the density of functional ENaCs within the apical membranes of the cells. Stimulation of transport is completely reversible upon withdrawal of forskolin due to time-dependent decreases of functional channel densities. The fundamental and classic problem that addresses the underlying origin and disposition of cAMP-related changes of channel densities cannot be answered completely and unequivocally at this time. Functional channels within the apical membranes might originate by activation of nonfunctional channels that are already resident within the apical membranes. Functional channels might originate by assembly of channel subunits that reside within the apical membranes into functional channels. Functional channels might also originate by vesicle trafficking of functional channels to the apical membranes and/or subunits for later assembly within the apical membranes. Among such possibilities, there is presently no way known to us to perceive unequivocally, which, among these mechanisms, the cells use, in particular, for cAMP regulation of Na ϩ transport to achieve changes of the functional channel densities. Such questions will not be resolved until specific markers become available to distinguish between functional channels, nonfunctional channels, and channel subunits both within the apical membranes and the cytosol of the cells. There is no question that at some time during the life cycle of a functional channel, the channel itself or its subunits must be inserted into the apical membranes where the mature functional channel permits Na ϩ to enter the cells. Given the short term and reversible cAMP-dependent changes of N T , it would seem clear, regardless of mechanism, that cAMP must act through processes already in place with time constants in the range of minutes to elicit increases (forskolin) or decreases (forskolin washout) of functional channel densities within the apical membranes of the cells.
Our purpose in the present series of experiments was to test and to examine directly, for the first time, whether cAMP-mediated changes of transport could be correlated with changes of vesicle endocytosis at the apical membranes of intact epithelial cells. We chose specifically to label only apical membranes of the cells and to determine whether the time course of appearance in the cytosol of vesicles derived from apical membranes changed in parallel to the changes of functional channel densities. It was readily apparent from the time rate of appearance of vesicles that the endocytic rates during forskolin washout paralleled the time rate of decrease of N T , suggesting, but not proving, that the endocytosed vesicles contained the channels that disappeared from the apical membranes. This point was made in Fig. 7 . If we assumed that the channels disappeared by way of vesicle endocytosis, then as a first approximation, each vesicle contained on average ϳ10 channels per vesicle (assuming that all vesicles contained ENaCs). Indeed, it must be appreciated quite generally that at physiological rates of Na ϩ transport, the physiologically relevant densities or absolute number of functional channels involved in Na ϩ transport in A6 and other tight epithelia (2) is quite low, which as a consequence, imposes methodological limitations in quantifying the actual number of functional channels. In this regard, however, it was equally of interest to find that the cellular densities of endocytosed vesicles were also remarkably quite low but consistent with trafficking of small numbers of channels. If, indeed, the disappearance of apical membrane channels occurs by endocytosis of vesicles, then quite re- markably it becomes apparent that vesicles may contain more than one channel and as many as 10 channels (or more), if this thesis is correct. Compatible with this thesis are observations by patch clamp of clustering of functional channels at the apical membranes of the cells (27) . Thus clustering of functional channels may at least, in part, be due to trafficking of single vesicles that contain numerous channels.
With regard to mechanism of action of cAMP/PKA in stimulating Na ϩ transport, it is notable that we observed relatively large forskolin-related increases of endocytosis, which, at the steady state, mandate similar increases of exocytosis. Increases of N T can arise by either stimulation of exocytosis or inhibition of endocytosis of vesicles containing channels and/or their subunits. Although the site(s) of PKA action in vesicle trafficking is presently unknown in living epithelial tissues, activation of trafficking must occur by changes of either or both of the overall rate coefficients governing exocytosis/endocytosis. In this regard, forskolin activation of endocytosis implies and requires activation of exocytosis, so that in stimulated tissues, cycling of vesicles at the steady state is markedly elevated above baseline values. If cAMP/PKA acts only to inhibit the endocytic rate coefficient and hence the endocytic rate, thereby elevating N T and transport, we would expect no change in cycling of vesicles, because the exocytic rate coefficient and hence the exocytic rate would remain unchanged. Since we observed marked increases in cycling rate, the data are compatible with the thesis that cAMP/PKA must act predominantly, if not alone, to increase the exocytic rate coefficient.
It is also of interest to note here, as elsewhere, that mechanically preformed patches of apical membranes of A6 epithelia do not respond in any way to cAMP, even though unpatched apical membranes in the same tissues respond normally with increases of functional channel densities (27) . Apparently, formation of membrane patches interferes with or precludes activation of channel densities through cAMP-dependent mechanisms. On one hand, it would be easy to explain this observation if formation of patches disrupts cAMPdependent vesicle trafficking of channels to the apical membrane. On the other hand, we cannot yet dismiss unequivocally the possibility that patch formation may in addition disrupt mechanisms responsible for activation/assembly of dormant channels and/or subunits within the apical membranes to their functional states. Nevertheless, mechanical disruption of this type suggests that vesicle trafficking is involved as an important component of cAMP-related regulation of functional channel densities.
It is not possible to know with confocal imaging the exact size of each vesicle because the observed fluorescent image diameters would greatly exceed the actual sizes of the vesicles. In one group of cells, the measured fluorescent image diameters ranged between 0.18 and 0.84 m with a mean Ϯ SD of 0.51 Ϯ 0.21 m (n ϭ 20). The actual mean diameter of the vesicles would be considerably Ͻ0.5 m. If we assumed that vesicle diameters were near 0.1 m, with surface area of 3.14 ⅐ 10 Ϫ10 cm 2 , then the loss of membrane area due to endocytosis of 22 vesicles/cell would be ϳ0.66% of planar area (and less for actual membrane area) and correspondingly greater if vesicle diameters were 0.3 m (5.9% of planar area). If vesicle diameters are, in fact, near or Ͻ0.1 m, it would be either impossible with presently available methods or difficult, at best, to measure changes of membrane area either topographically or electrically through changes of membrane capacitance, or to find and identify such vesicles by electron microscopy. If vesicle diameters are Ͼ0.1 m, it would be possible to detect changes of capacitance, especially if vesicle diameters were in the range of 0.3 m or greater. 2 The small number of vesicles that appear to be involved in transport may also impose limitations in the assessment of trafficking by use of fluid-phase markers, especially under circumstances where specific uptake by vesicles into the cells is small, relative to uncertainties imposed by nonspecific binding and/or uptake. Under favorable conditions, horseradish peroxidase (HRP) has been used as a fluid-phase marker. However, it has been recognized by others (20, 32) that HRP adsorbs onto plasma membranes and can be transported into cells by specific saturable mechanisms (35) , thereby exacerbating determinations of specific vesicular uptake of this marker when background binding, sequestration, and/or other nonvesicular mechanisms of tissue uptake exceed or are in the range of vesicular uptakes.
Our findings, with regard to the action of forskolin on apical membrane endocytosis, are not the same as reported by Verrey et al. (33) , who used HRP as a volume marker for endocytosis. Verrey et al. reported that neither aldosterone nor vasotocin or forskolin caused a change of apical membrane HRP uptake at 28°C (33) . Background HRP activity was measured at 4°C, was assumed to be the same at 28°C, and was observed to be relatively high compared with total cell-associated activity that, according to these investigators, precluded measurements of short uptake periods. It is presently impossible to know what factor(s) preclude observation of forskolin-related endocytosis as measured by HRP uptake in nonaldosterone-treated tissues, especially when the increased endocytic rate is so readily observed by confocal microscopy as we reported in RESULTS. We noted in RESULTS the existence of what appeared to be two populations of vesicles. One population was present in both control tissues and in tissues pretreated with forskolin. Characteristically, these vesi- 2 Since completion of the work reported here, impedance analysis has been done to determine the time course of change of apical membrane capacitance in response to forskolin and its washout (T. Pȃ unescu, W. Els, and S. I. Helman, personal communication) in A6 epithelia. The observation that capacitance changes timewise in parallel to the time-dependent changes of channel densities both during washin and washout of forskolin argues in support of the view that the labeled vesicles derived from the apical membranes observed during forskolin washout were completely dissociated from the apical membrane.
cles were relatively few in number and could be observed to move into deeper sections (Ͼ5 m) below the apical membrane surfaces of the cells at the later times of observation. The second population of vesicles observed during forskolin washout was more numerous, congregated just below the apical plasma membranes, and remained within 1-2 m of the apical membrane for the 55-min periods of observation. Inspection of the confocal images at all time points indicated clearly that the subapical membrane vesicles were dissociated from the surface membranes (see footnote 2). It would be attractive to believe that these vesicles are likely to be involved in endocytic trafficking/cycling of channels because of their sustained presence in the vicinity of the apical membranes. Further speculation on possible (re)cycling of these vesicles and/or their final disposition is presently not warranted.
In summary, our finding of similar cAMP-mediated rates of disappearance of apical membrane functional channels and appearance of cytosolic vesicles originating from the apical membranes suggests that cAMPmediated trafficking of channels and/or subunits of the channels in the A6 epithelium can occur through exocytosis/endocytosis. It will remain of particular interest to know to what extent channels can be packaged into vesicles for exocytosis and endocytosis and to what extent channel-packaging density in vesicles is a variable to be factored into understanding trafficking of channels and/or subunits to and from the apical membranes of the cells. Our findings, not only of relatively low physiological densities of membrane-bound functional channels but also of relatively low densities of vesicles involved in trafficking, underscore the need in experimental design and interpretation to consider the limits of detection of channels and vesicles involved functionally in regulation of ion transport at the apical membranes of tight epithelia.
